The time dependence of the adsorption of myelin basic protein onto dipalmitoyl phosphatidyl glycerol multilayers has been followed directly, using a novel application of a microgravimetric gauge. Our results, supplemented by other data obtained by FTIR, show the ease and versatility of the quartz microbalance for investigating the interaction processes between proteins and phospholipid layers and show that the protein adsorption is accompanied by structural changes in the proteolipid ensemble and adsorbed liquid water; it is furthermore dependent on the mesoscopic defect morphology of the ensemble. q
Introduction
In this Letter, we wish to address a well-studied but still not completely clarified problem in the chemical physics of membrane-protein interaction, Ž . namely the interaction of myelin basic protein MBP w x in aqueous solution with phospholipid layers 1 . MBP is the most abundant protein in the myelin Ž . membrane ; 30% wrw and is believed to be important for the compactness and integrity of the membrane. In particular, we studied directly the process of adsorption of MBP onto multilayers of Ž . dipalmitoyl phosphatidyl glycerol DPPG deposited onto solid substrates and used as model membrane. Such a study is novel, as is the application of the technique we used, namely quartz crystal micro-Ž . w x gravimetry QCM 2 . Our technique takes advan-tage of the possibility of transferring phospholipid multilayers onto a solid substrate by the Langmuir-Ž . w x Schaefer LS method 3 -thus easily characterizing them by spectroscopic and diffraction techniques -and follows in real time the kinetics of the interaction of MBP solution with the lipid lamellar phase.
As stated, the deposited multilayers can be characterized by many techniques. In this Letter, we focus on some of the results obtained by FTIR spectroscopy, which allows us to study the interactions of the proteolipid complex at the molecular w x level 4 .
Materials and methods
MBP from a bovine central nervous system was w x extracted and purified as described in Ref. 5 , dialyzed against pure water and prepared for the working solution at a concentration of 3 = 10 y5 M.
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Langmuir films of DPPG have been prepared in a commercial trough using a ZnCl 10 y4 M water 2 subphase. The compression speed was set at 3600 mm 2 rmin and the deposition surface pressure was Ž . Ž . 35 mNrm solid phase . The LS horizontal lift technique was used to transfer the film onto the solid substrate. Typically, 10 or 20 layers were deposited in each experiment onto different substrates according to the different experimental requirements; namely, quartz crystal cuts with gold electrodes for QCM kinetic experiments, silicon plates for FTIR spectroscopy.
The protein-lipid interaction kinetics was investigated by means of a microgravimetric transducer operating in a liquid environment. AT-cut quartz Ž crystal oscillators typical resonance frequency 10 . MHz with gold electrodes, driven by a home-made digital driver, have been inserted in a special measur-Ž . ing chamber volume 10 ml which allows the exposure of only one electrode to the protein solution. This special arrangement also enables the transducer to operate in a liquid environment without a significant decrease in its quality factor. The transducers were found to exhibit a mass sensitivity of 0.57 ngrHz and were linear up to shifts of several kHz. Experiments were performed at 258C by exposing one electrode to the protein solution and recording the variation of the resonance frequency as a function of time. The resonance frequency shift is generally connected to mass adsorption onto the lipidcoated electrode as well as to the variation of the w x viscoelastic properties of the layer itself 6 .
FTIR measurements were carried out with a Jasco FTIR-420 spectrometer in the 3500-1500 cm y1 wavenumber range using 4 cm y1 resolution on lay-Ž . ers deposited onto 0.36 mm thick silicon 100 plates with native oxide. The peak position and halfwidth could be determined with a precision of "0.5 cm y1 .
Results and discussion
Fig . 1 reports the QCM signal corresponding to a typical experiment of MBP adsorption kinetics. The resulting trend appears to be characterized by multiexponential behaviour, which was successfully fitted by a 'stretched exponential' law 7 A 1 y e with a value of b s 0.37, t s 159 min and A s 215 Hz. We note that such homogeneous functional behaviour has been obtained by exposing the DPPG Ž multilayer to MBP solution for the first 15 min see . arrow in Fig. 1 , after which the solution was replaced by water for the rest of the measurement. It is worth noting that the trend of this curve is the same even if we incubate the multilayer with the protein solution for longer than 15 min and that the functional behaviour is described by the same law in the temporal regions both before and after the removal of the protein solution. Such a trend suggests that the signal variation in this experiment is connected in a non-trivial way to protein adsorption to the lipid Ž layer e.g. it does not rely only on the load caused by . the mass adsorption . Moreover, the value of the characteristic time t is significantly longer than that of exposure to the protein solution, indicating that other mechanisms affecting the viscoelastic properties of the proteolipid layer are active. These mechanisms must be connected with protein interaction, since the simple exposure of the lipid multilayer to water does not yield any detectable QCM signal variation on this time scale. Therefore, the origin of the observed variation must be searched for in the modifications which can occur in both protein and phospholipid layer structures due to the adsorption of MBP.
Finally, we wish to remark on the low value of b we obtained which implies either a broad distribution ( )of single relaxation times or a strongly non-linear diffusive process. Such a behaviour is typical of the w x so-called fragile glass-forming systems 8 . We wish to stress, however, that due to the particular law used for fitting the data, the parameter t does not strictly represent a 'relaxation time'; it is coupled to the parameter b which is connected with the width of a distribution of relaxation times. Thus, t should be interpreted as a time which is characteristic of such a distribution. w x It is known from the literature 1 that large structural modifications occur in MBP upon interaction with a lipid phase; in particular, while MBP in a water solution shows a largely random coil structure, it gains an ordered secondary structure when it interacts with negatively charged lipids. Therefore, structuring dynamics, if present, could affect the QCM signal by varying the viscoelastic properties of the proteolipid layer. This hypothesis was tested by CD Ž . circular dichroism spectroscopy, in which no temw x poral evolution was detected 9 . This means that changes in the protein secondary structure can contribute to the 'fast' part of the curve of Fig. 1 but are already completed after 15 min and hence have no effect on the slower trend of the QCM signal, which is the temporal range we wish to discuss in this Letter.
In order to find which parameters are responsible for the temporal variation of the observed QCM signal, we have performed FTIR measurements on samples transferred onto silicon plates. Fig. 2 reports the spectra resulting from this investigation. The experiment was performed by first studying the as-Ž . deposited DPPG multilayer curve a , then the same sample after 15 min incubation in MBP solution Ž . curve b and after a further 15 min exposure to pure Ž . water curve c . As is clearly visible, marked bands in correspondence to the amide I and II regions Ž y1 . 1650-1550 cm in curve b show the presence of MBP in the sample. The intensity of these bands does not change even after incubating the sample for longer times. Furthermore, the C-H stretching bands Ž y1 . 2800-3000 cm appear to be quite affected since both their position and FWHM vary upon interaction Ž . with MBP see inset, Fig. 2 . The appearance of the characteristic broad band of liquid water in the O-H Ž y1 . stretching region 3500-3250 cm shows that some water has entered the film together with the MBP molecules. We recall that no water enters the film from a pure water phase and no evolution of the lipid spectra takes place after film deposition. In particular, the data show a deformation of the band which is characteristic of the presence of so-called bound or Ž w x. structured water see e.g. Ref. 10 .
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Ž . Fig. 2 . FTIR spctra of 10 LS layers of DPPG before interaction with MBP a , after 15 min exposure to MBP b , and after 15 min more in Ž . pure water c . Inset represents a zoomed view of the C-H stretching region.
( )
Curve c has been measured on the same sample but after further 15 min incubation in pure water. It is possible to note that the peak position and FWHM of the C-H stretching bands have evolved. Moreover, the O-H band now appears quite different in shape, namely the shoulder at 3400 cm y1 has disappeared: this is consistent with a strong structuring of water molecules inside the film.
Therefore, this investigation points out at least three parameters which undergo a significant evolution upon incubation of the sample with MBP solution. The mass adsorption connected with the appearance of the band in the amides region is of course one of the phenomena responsible for QCM signal variation. However, the modifications in the C-H bands, as well as the appearance and further evolution of the O-H ones, show a temporal behaviour consistent with that of a QCM signal and could be related to the other mechanisms responsible for its slow variation, via a viscoelastic relaxation due to re-structuring effects.
Adsorption experiments on pre-annealed samples can provide useful information on the role of defects in influencing the kinetic behaviour of the interaction and on the mechanisms through which MBP can permeate the membrane.
We have repeated our QCM measurements on Ž . pre-annealed DPPG multilayers Fig. 3 . The analysis of these data shows that the saturation level of the Ž . curve is decreased as is the value of t 15 min , Ž . while that of b appears to be increased 0.6 , implying a decrease in the width of the relaxation time distribution. These results are consistent with a scenario in which MBP faces more difficulties in penetrating the multilayer due to its better mesoscopic order. Moreover, from the increase of the b value and the corresponding decrease of one order of magnitude in t , it is possible to argue that some mechanisms affecting viscoelastic properties, typically the slower ones, have been switched off and that the diffusion behaviour tends to a simple linear process.
FTIR spectroscopy performed on these samples indeed shows that the total amount of MBP which adsorbs to the pre-annealed lipid multilayer is decreased in comparison to the non-annealed sample, as well as the total amount of adsorbed water, as estimated from the integral of the O-H stretching band. This difference is consistent with that in the saturation value of the QCM curves. Moreover, neither the position nor the FWHM of the C-H stretching peaks show temporal evolution after 15 min incubation in MBP solution and the O-H stretching band shows no appreciable variation in time, having a shape which is characteristic of strongly bound water. Consistently, CD spectra on pre-annealed samples do not show any appreciable temporal evow x lution of MBP secondary structure 9 .
Therefore, these results confirm that some molecular parameters which have been shown in the first set of experiments to have a temporal evolution compatible with that of the QCM signal have now consistently ceased to be active; this confirms their role in the viscoelastic changes of the proteolipid ensemble.
The picture resulting from these measurements implies an important role of film morphology at the mesoscopic level in determining the extent of protein uptake and allows making some hypotheses on the mechanisms ruling this interaction. MBP permeates the membrane during interaction, as has been shown by measuring FTIR spectra, as a function of the number of layers and finding a linear proportionality to the amount of adsorbed protein. Moreover, the protein very likely resides in the hydrophilic planes between polar headgroups, as suggested by the interw x pretation of CD spectra 9 . To get to these hydrophilic layers, MBP probably penetrates the mem-( )brane through defects, since the adsorbed protein amount decreases upon lipid layer annealing.
In conclusion, we wish to point out the relative simplicity of the experimental techniques we used to determine these preliminary results and the great advantage of studying the interactions of the lipid layer with soluble proteins not from the Langmuir monolayer but from the deposited LS film.
